We have revisited the electronic structure of infinite-layer RNiO2 (R= La, Nd) in light of the recent discovery of superconductivity in Sr-doped NdNiO2. From a comparison to their cuprate counterpart CaCuO2, we derive essential facts related to their electronic structures, in particular the values for various hopping parameters and energy splittings, and the influence of the spacer cation. From this detailed comparison, we comment on expectations in regards to superconductivity. In particular, both materials exhibit a large ratio of longer-range hopping to near-neighbor hopping which should be conducive for superconductivity.
The quest for finding cuprate analogs in connection with high-T c superconductivity has followed several routes [1] . Looking at nickelates has been an obvious path: nickel is next to copper in the periodic table, and if the former could be realized in the 1+ oxidation state, it would be isoelectronic with Cu 2+ [2] . This oxidation state is indeed realized in the infinite-layer square planar materials RNiO 2 (R= La, Nd) [3, 4] with the same P4/mmm crystal structure as that of the parent compound of high-T c cuprates, CaCuO 2 ( Fig. 1 of Ref. [25] ). The latter has a T c of 110 K upon hole doping [5] . Still, doubts have been raised that RNiO 2 would be cuprate analogs. Available transport data indicate that LaNiO 2 is not a charge transfer insulator [6, 7] and there is no experimental evidence for antiferromagnetic order in any RNiO 2 material [8] . Electronic structure calculations of LaNiO 2 indicate significant differences from CaCuO 2 due to the presence of low lying La-5d states, as well as an increased splitting between Ni-d and O-p levels [9] [10] [11] .
The recent observation of superconductivity in Srdoped NdNiO 2 , though, begs a reconsideration of this earlier thinking [12] . In this new context, we reanalyze the electronic structure of RNiO 2 and do a detailed comparison to that of CaCuO 2 . We find that the important pd and pp hopping energies are comparable in the Ni and Cu cases, with a large t /t ratio. This has been shown by Pavarini et al. to correlate with a high T c in the cuprates [13] . The splitting of the two e g orbital energies is similar, which is also thought to be relevant for T c [14] . But the difference in charge-transfer energies ∆= d − p is significant, being much larger in the Ni case. This puts RNiO 2 outside the bounds for superconductivity according to the considerations of Weber et al. [15] . This indicates the need to reexamine this criterion in light of the observation of superconductivity, though perhaps the low value of T c [12] is due to the increased ∆. Moreover, the large hole-like Fermi surface associated with the d x 2 −y 2 state is self-doped in the Ni case due to two small electron pockets of 5d origin. This is consistent with transport data, which indicates weak localization for RNiO 2 [7, 12] similar to what is seen in underdoped (as opposed to undoped) cuprates. This also implies that the value for optimal doping could differ from that of the cuprates.
Computational Methods. Electronic structure calculations were performed using the all-electron, full potential code WIEN2k [16] based on the augmented plane wave plus local orbitals (APW + lo) basis set. The PerdewBurke-Ernzerhof version of the generalized gradient approximation (GGA) [17] was used for the non-magnetic calculations. The missing correlations beyond GGA at Ni sites were taken into account through LDA+U calculations. Two LDA+U schemes were used: the 'fully localized limit' (FLL) and the 'around mean field' (AMF) [18, 19] . For both schemes, we have studied the evolution of the electronic structure with increasing U (U N i = 1.4 to 6 eV, J= 0.8 eV). The lattice parameters used for LaNiO 2 were a= 3.96Å, c= 3.37Å, for NdNiO 2 a= 3.92Å, c= 3.28Å, for CaCuO 2 a= 3.86Å, c= 3.20Å. Supercells of size 2×2, and 3×3 relative to the primitive P4/mmm cell were employed to study the effect of Sr doping.
To look for possible magnetic solutions, √ 2× √ 2 and √ 2× √ 2×2 cells were constructed. Calculations for different magnetic configurations were performed: (i) ferromagnetic (FM), (ii) antiferromagnetic (AFM) in plane with FM coupling out of plane, (iii) AFM in plane with AFM coupling out of plane. For all calculations, we converged using R mt K max = 7.0. The muffin-tin radii used were typical values of 2.5Å for La and Nd, 2.35Å for Ca, 2Å for Ni, 1.95Å for Cu and 1.72Å for O. A dense mesh of 25×25×25 k-points in the irreducible Brillouin zone was used for the non-magnetic calculations.
To further understand the electronic structure and the comparison of Ni to Cu, we performed an analysis based on maximally localized Wannier functions (MLWFs) [20] . For the spread functional minimization, we used WANNIER90 [21] . Post-processing of MLWFs to generate tight-binding band structures, hopping integrals, and plots of Wannier orbitals were done with WIEN2WANNIER [22] . These values were also used as start values for a Slater-Koster fit of the electronic structure [24] . In addition, we performed a simple tightbinding fit of the dominant d x 2 −y 2 −pσ antibonding band at the Fermi energy.
Comparison of the non-magnetic electronic structures of CaCuO 2 and LaNiO 2 . Fig. 1 shows the band structures of CaCuO 2 and LaNiO 2 . To avoid complications connected with the 4f states, we chose to focus on LaNiO 2 rather than its Nd counterpart, though we note that the band structure of NdNiO 2 is almost identical to that of LaNiO 2 as shown in Fig. 2 of Ref. [25] . Fig. 1 also shows the orbital-resolved density of states highlighting the Ni/Cu-d x 2 −y 2 and d z 2 and O-p characters for CaCuO 2 and LaNiO 2 . As described in previous work [9] [10] [11] , there are some differences between the electronic structures (and magnetic properties, see below) of these two materials. These arise mostly from the different energies of the spacer cation bands. The Ca-3d bands extend down to about 2 eV above the Fermi level, whereas the La-5d bands dip down and actually cross the Fermi energy, with the pocket at Γ having mostly La-d z 2 character, that at A La-d xy character. These two small electron pockets in the Ni case lead to self-doping of the large hole-like d x 2 −y 2 − pσ antibonding Fermi surface (Fig. 3 of Ref. [25] ).
It has been suggested that the T c of the cuprates is correlated with the splitting of the d x 2 −y 2 and d z 2 energies, with a larger value giving rise to a higher T c due to reduced mixing of these orbitals [14] . We have compared this energy difference in the Cu and Ni cases using the band centroids calculated as
, as done in previous work [26] . Here, g i is the partial density of states associated with orbital i. The integration range covers the antibonding band complex for Ni/Cu-e g states, as in Ref. [26] . The values we derived for CaCuO 2 are E x 2 −y 2 = -0.22 eV, E z 2 = -2.36 eV, giving a splitting of 2.14 eV, consistent with Ref. 26 . For LaNiO 2 , E x 2 −y 2 = 0.20 eV, E z 2 = -1.75 eV, with a comparable splitting of 1.95 eV. These values, though, are quite different from the more physical ones obtained from the Wannier fits (see below).
Another quantity that has been deemed important for determining T c in the cuprates is the ratio t /t that describes the relative strength of longer-range hopping to nearest-neighbor hopping in a one-band model -materials with a larger ratio have a higher T c [13] . To estimate this ratio, we performed a six-parameter tight-binding fit to the d x 2 −y 2 band at the Fermi energy. Values are listed in Table I along with the associated tight-binding functions, and the resulting band structures are plotted in Fig. 1 . Note that these fits differ from those of Lee and Pickett [9] . In particular, we considered longer-range in-plane hoppings, and our interlayer functions also differ, in that they take into account the mixing of relevant 'even' (with respect to the diagonal mirror plane) 
2 dependence. Then, the t /t ratio is defined as proposed by Sakakibara et al. [14] as (|t 3 | + |t 2 |)/|t 1 |. The resulting ratio in both cases is quite large, of order 0.4, comparable to that observed for the highest T c cuprates. We note, though, that t itself for Ni is 80% of that for Cu.
Finally, the difference in on-site p and d energies (i.e., the charge transfer energy) in cuprates has also been correlated with T c , with smaller values promoting a larger T c [15] . In this context, the degree of hybridization between the p and d states is reduced in the Ni case with respect to Cu as can be observed from the orbital-resolved density of states (Fig. 1) . Moreover, the difference between these two on-site energies found from the Wan- (Fig. 2 and Fig. 4 of Ref. [25] ). The spatial spread [20] of these functions is small and comparable in the Ni and Cu cases (∼1Å 2 ). The on-site energies and hoppings obtained from the Wannier fits are shown in Table II . The splitting between the d x 2 −y 2 and d z 2 energies (0.7 eV for Ni, 1.0 eV for Cu) is considerably smaller than that derived from the integration of the density of states mentioned earlier. Moreover, ∆ (referring to d x 2 −y 2 and pσ) is 4.4 eV and 2.7 eV for Ni and Cu, respectively. The former, as mentioned above, is well outside the range observed for cuprates [15] . The increased d-p splitting in the Ni case leads to a more localized d x 2 −y 2 Wannier function (Fig. 2) which could possibly act to promote polaron formation. Remarkably, the pd and pp hopping parameters are almost identical for the two materials, particularly those relevant for the d x 2 −y 2 and pσ orbitals.
We in turn have used these parameters as start values for Slater-Koster fits to the band structures [24] . Here, a 19 parameter fit was done using Powell's method [27] . These are the 17 parameters used by Mattheiss and Hamann for CaCuO 2 [28] generalized to include two more parameters motivated by the Wannier fits shown in Table  II . These are separate pπ energies for the in plane and out of plane O orbitals, as well as a separate pd hopping integral for d z 2 − pσ. The rms error we find for the Cu fit is significantly better than that of Ref. 28 , and this occurs as well if we restrict to a 17 parameter fit. This improvement is presumably due to using the Wannier values as start values for the fit. These fits could presumably be improved if the Wannier analysis was extended to derive the five interlayer hoppings (ddσ, ddπ, ddδ, ppσ ⊥ , ppπ ⊥ ).
The fit values and resulting band structure are shown in Ref. [25] . We find large pdσ (1.4-1.5 eV) and ppσ (1.2-1.3 eV) values that are similar between Ni and Cu, with a large ratio of ppσ to pdσ (0.8 for Cu, 0.9 for Ni). As with the Wannier analysis, the x 2 − y 2 and pσ energies are significantly different (1.6 eV for Cu compared to 4.3 eV for Ni). Spin-polarized calculations of LaNiO 2 . A C-type AFM state is the ground state of the system even at the GGA level with magnetic moments inside the Ni spheres of ∼ 0.7 µ B . The FM solution gives rise to a reduced magnetic moment of ∼ 0.2 µ B at the GGA level, less stable that the C-type AFM state by 0.72 meV/Ni. The energy difference obtained with respect to the non magnetic state is 0.70 meV/Ni and 0.69 meV/Ni with respect to an Atype AFM state. The results of the LDA+U calculations reported by Anisimov et al. [2] for LaNiO 2 gave a stable AFM insulator with the only unoccupied d levels being those of the minority-spin d x 2 −y 2 orbital, equivalent to the situation in CaCuO 2 . However, the insulating nature of this result could not be reproduced by Lee and Pickett [9] and we cannot reproduce it either. For both the AMF and FLL schemes, the value of the magnetic moment at the Ni site increases up to the highest U value used of 6 eV. As noted above, there is no experimental evidence for antiferromagnetic order in LaNiO 2 . In fact, the susceptibility looks Pauli-like except for a low T upturn that is probably due to nickel metal impurities [4] . We also note that once U increases (U ≥ 4 eV), hybridization with the La-d states causes the Ni-d z 2 orbitals to rise in energy as reported by Lee and Pickett [9] . This can be clearly observed in Fig. 6 of Ref. [25] .
Doping studies. One can estimate the effective doping level of the large hole-like Fermi surface versus the actual hole doping using a rigid band approximation. Because of the self-doping from the two La-d electron pockets at Γ and A, the doping for optimal T c could be lower than that observed in most cuprates. From our rigid band analysis, we estimate this to be 12% (assuming that optimal doping for the large Fermi surface is at 16% doping).
For a more sophisticated analysis, we examined the effect of Sr doping by employing supercells that would give rise to an average d filling of 8.89, 8.75, 8.5 , respectively. The corresponding orbital-resolved densities of states for La-d and Ni-d are shown in Fig. 3 . The La-d xy character at E F is diminished upon doping as is the La-d z 2 one. The concomitant effect can be seen in the orbitalresolved Ni-d DOS, where, upon doping, the d z 2 DOS above E F is completely suppressed. This will act to reduce the self-doping effect mentioned above and give a more pure single-band cuprate-like picture.
We now comment on the Hall data. For zero doping, values of R H near zero T of -4.6 [7] and -7.0 cm −3 /C [6, 12] have been reported. This is inconsistent with the presence of a large hole-like Fermi surface. Evaluating R H [29] using the paramagnetic band structure, we find a value of -5.2 when restricting to the two small electron pockets at Γ and A (Fig. 3 of Ref. [25] ), as compared to a value of +0.2 if the entire Fermi surface is included, indeed implying that the large Fermi surface is gapped out. For the doped case, a low T value of +0.4 is reported [12] . For this doping (0.2), we find using a rigid band shift of E F a value of +0.2 which rises to +0.3 if the two small pockets are not included, implying that the large Fermi surface dominates R H at this doping, consistent with what is found in the cuprates.
To summarize, despite negative conclusions from earlier work, including our own [9, 11] , we find that RNiO 2 are promising as cuprate analogs. Besides the much larger d-p energy splitting, and the presence of 5d states near the Fermi energy, all other electronic structure parameters seem to be favorable in the context of superconductivity as inferred from the cuprates. In particular, the large value of t /t is most promising. This is not only from an empirical perspective [13] , such larger ratios also promote longer range exchange [30] . In retrospect, then, the discovery of superconductivity in Srdoped NdNiO 2 should not be as surprising as it has turned out to be. In that context, we note that electron doping of SrCuO 2 leads to the highest T c among electron-doped cuprates [31] . Therefore, electron doping of RNiO 2 could be equally revealing.
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